Effects of crude glycerin on milk composition, nutrient digestibility and ruminal fermentation of dairy cows fed corn silage-based diets  by Paiva, P.G. et al.
Animal Feed Science and Technology 212 (2016) 136–142
Contents lists available at ScienceDirect
Animal  Feed  Science  and  Technology
journal homepage: www.elsevier.com/locate/anifeedsci
Short  communication
Effects  of  crude  glycerin  on  milk  composition,  nutrient
digestibility  and  ruminal  fermentation  of  dairy  cows  fed  corn
silage-based  diets
P.G.  Paivaa,∗,  T.A.Del  Valleb, E.F.  Jesusa, V.P.  Betteroa, G.F  Almeidab,  I.C.S.
Buenoc,  B.J.  Bradfordd,  F.P.  Rennób,∗∗
a Department of Animal Science, UNESP—Universidade Estadual Paulista “Júlio de Mesquita Filho”/Campus Jaboticabal, Rod. Prof. Paulo
Donato Castellane km 5, Rural, 14884-900 Jaboticabal, SP, Brazil
b Department of Animal Nutrition and Production, School of Veterinary Medicine and Animal Science, University of Sao Paulo (USP), Av.
Duque de Caxias Norte, 225-Campus da USP, 13635-900, Pirassununga, SP, Brazil
c Department of Animal Science, College of Animal Science and Food Engineering, University of Sao Paulo, Pirassununga, SP, Brazil
d Department of Animal Sciences and Industry, Kansas State University, 66506 Manhattan, USA
a  r  t  i c  l  e  i  n  f  o
Article history:
Received 2 May  2015
Received in revised form
18 December 2015
Accepted 21 December 2015
Keywords:
Biofuels
By-product
Fiber digestibility
Glycerol
Milk composition
a  b  s  t  r  a  c  t
The  objective  of  the current  study  was  to evaluate  the  effects  of  increasing  levels  of  crude
glycerin  on  dry matter  intake,  nutrient  digestibility,  ruminal  parameters,  blood  metabo-
lites,  milk  yield  and composition  of  dairy  cows  fed  corn  silage-based  diets.  Twenty-four
Holstein  cows  (16  non-cannulated  and  8 rumen-cannulated;  184  ± 50 days  in  milk  [DIM]
and  594  ±  39  kg  of  body  weight  [BW])  were  assigned  to a replicated  4 ×  4 Latin  square  design
experiment,  consisting  of  14 days  for adaptation  to diets  and 7  days  for sampling.  Cows  were
assigned to receive  one  of  the  diets:  0 (Control),  70,  140  or 210 g of  crude  glycerin/kg  of
diet  dry  matter  (DM).  Dry  matter  intake  and  milk  yield  linearly  decreased  with  the inclu-
sion of crude  glycerin.  However,  crude  glycerin  did  not  affect  milk  composition.  Total-tract
digestibility  of DM, crude  protein  (CP)  and  ether  extract  (EE)  linearly  increased,  and  neu-
tral detergent  ﬁber  (NDF)  digestibility  linearly  decreased  according  to dietary  inclusion  of
crude  glycerin.  Feeding  crude  glycerin  changed  volatile  fatty  acid concentrations:  linearly
increased  propionate,  quadratically  affected  butyrate,  and  linearly  decreased  acetate  con-
centrations,  resulting  in  lower  acetate  to propionate  ratio.  Total  volatile  fatty acid  was  not
affected  by crude  glycerin.  Ruminal  NH3-N  linearly  decreased  according  to  crude  glycerin
dietary levels.  Crude  glycerin  linearly  increased  blood  glucose  concentration.  Inclusion  of
high  levels  of crude  glycerin  (210  g/kg)  in  diets  of mid-lactating  cows,  increased  dry mat-
ter  digestibility  and  ruminal  propionate  concentrations,  but  negatively  affected  dry  matter
intake and  milk  yield.
©  2015  Elsevier  B.V.  All  rights  reserved.Abbreviations: BCFA, branched chain fatty acids; BUN, blood urea nitrogen; BW,  body weight; CP, crude protein; DIM, days in milk; DMI, dry matter
intake; EE, ether extract; aNDF, neutral detergent ﬁber with residual ash; NFC, non-ﬁber carbohydrate; VFA, volatile fatty acids.
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. Introduction
The growth of the biofuel industry has increased the demand for corn, affecting prices and the livestock sector (USDA,
014). Therefore, new alternative feed sources are required in order to reduce animal feed costs. Crude glycerin is a by-
roduct obtained from oil processing in the biodiesel industry, wherein for each liter of biodiesel produced, 0.1 l of crude
lycerin is formed (Dasari et al., 2005). Crude glycerin contains 800–880 g of glycerol/kg (Donkin, 2008) and glycerol or
uriﬁed glycerin (>95% glycerol) has been used to prevent metabolic problems in transition cows (Goff and Horst, 2003;
iantoni and Allen, 2015).
Crude glycerin can be converted into volatile fatty acid (VFA) in rumen, mainly into propionate (Wang et al., 2009), or can
e absorbed through the rumen epithelium and oxidized in the liver, increasing the energy available for animal utilization
Remond et al., 1993). Several studies have reported that replacing corn with glycerin increased the ruminal molar proportion
f propionate (De Frain et al., 2004; Shin et al., 2015; Boyd et al., 2013).
There is a lack of data examining crude glycerin as a primary energy source ingredient in rations of dairy cows, mainly
n dietary levels higher than 100 g/kg (dry matter [DM] basis). Thus, the objective of the present study was  to evaluate the
ffects of increasing dietary levels of crude glycerin (up to 210 g/kg diet DM)  on dry matter intake (DMI), nutrient digestibility,
uminal parameters, blood metabolites, milk yield and composition of lactating dairy cows fed corn silage-based diets. Our
ypothesis was that cows fed crude glycerin could maintain milk yield and composition without impairing DMI  and nutrient
igestibility.
. Materials and methods
Experimental procedures were approved by the Ethics Committee of the School of Veterinary Medicine and Animal
cience of the University of São Paulo (approval number 3058/2013).
.1. Animals, diets and experimental design
Twenty-four multiparous Holstein cows (184 ± 50 days in milk [DIM] and 594 ± 39 kg body weight [BW], mean ± SD), 16
on-cannulated and 8 rumen cannulated, were assigned to a replicated 4 × 4 Latin square design experiment with 21 day
eriods (14 day of adaptation and 7 day of sampling). The cows were grouped according to milk yield and then assigned to
ach square according to BW,  except for 2 squares that were formed by the rumen cannulated cows. Thus, 24 repetitions per
reatment were used for statistical analysis. The animals were assigned within each square to receive one of the following
iets: 0 (Control), 70, 140 or 210 g of crude glycerin/kg of diet DM.  Diets were formulated according to NRC (2001), and
ngredients and chemical composition are described in Table 1. The crude glycerin contained 806 g/kg of glycerol, 63 g/kg
f ash and 124.6 g/kg of water, and was obtained from soybean oil (ADM, Rondonopolis, Brazil). The crude glycerin was
ixed into the concentrate before the morning feeding. Cows were individually fed twice daily (50% of total diet DM in
ach feeding) at 0700 and 1300 h to supply 105–110% of expected feed intake (on as fed-basis). The feed was individually
able 1
ngredients and chemical composition of experimental diets.
Item, g/kg of diet DM Glycerin inclusion, g/kg of DM
0 70 140 210
Corn silagea 501.4 500.3 505.9 504.0
Ground corn 300.5 219.2 125.1 45.0
Soybean meal 162.1 174.6 192.8 204.8
Crude  glycerinb 0.0 69.9 140.2 210.2
Mineral premixc 29.8 29.8 29.8 29.8
Urea  5.30 5.30 5.30 5.30
Ammonium sulphate 0.90 0.90 0.90 0.90
Composition
Dry  matter 586.4 587.6 585.0 586.6
Neutral detergent ﬁber 301.1 290.5 281.9 271.0
Non  ﬁber carbohydrated 455.7 464.1 468.1 468.1
Crude  protein 162.3 160.7 161.2 159.5
Ether  extract 31.1 31.2 31.0 31.2
Ash  66.3 70.1 74.3 78.0
Net  energye (Mcal/kg DM) 1.74 1.75 1.75 1.75
a Composition: 293.0 of dry matter (DM); 70.5 of crude protein (CP); 556.7 of neutral detergent ﬁber (NDF); 29.7 of ether extract (EE) and 38.6 of ash.
b Composition: 806 g/kg of glycerol, 63 g/kg of ash and 124.6 g/kg of water, obtained from soybean oil (ADM, Rondonopolis, Brazil).
c Contained per kg: 88.0 g of Ca; 42.0 g of P; 18.0 g of S; 45.0 g of Mg;  123.0 g of Na; 14.0 mg  of Co; 500.0 mg  of Cu; 20.0 mg of Cr; 1050.0 mg of Fe; 28.0 mg
f  I; 1400.0 mg  of Mn;  18.0 mg  of Se; 2800.0 mg  de Zn; 80.0 mg  of Biotin; 200.000,00 UI vitamin A; 40.000,00 UI vitamin D; 1.200,00 UI vitamin E.
d Non ﬁber carbohydrate = 1000–([CP - CP of urea + urea] + NDF + EE + ash), Hall (2000).
e Estimated using the NRC (2001) model.
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weighed, and the silage and concentrate of each cow were individually hand mixed to prepare a total mixed ration (TMR).
Animals were housed in sanded bed free-stall barn containing individual pens (17.5 m2), forced ventilation and free access
to water.
2.2. Data collection, sampling and analysis
Samples of ingredients (0.5 kg) were collected once a week during the preparation of concentrate. Samples (0.5 kg) of silage
and orts from each cow were taken once daily during the morning feeding from day 15 until day 21 of each experimental
period, and composite samples (on as fed-basis) of silage and orts from each cow were formed and stored at −20 ◦C for
further chemical analysis. Feed intake was recorded daily as the difference between feed offered and refused. Sample of
feed and orts were dried in a 55 ◦C forced-air oven for 72 h and ground to pass through a 1 mm screen (Wiley Mill, Arthur H.
Thomas, Philadelphia, PA, USA) and then analyzed for dry matter ([DM] method 930.15; AOAC, 2000), crude protein ([CP] N x
6.25; method 984.13; AOAC, 2000), ether extract ([EE] method 920.39; AOAC, 2000), and ash (method 942.05; AOAC, 2000).
Neutral detergent ﬁber (aNDF) was determined as described by Mertens et al. (2002), using -amylase, without addition of
sodium sulﬁte to the detergent (Ankom Tech. Corp., Fairport, NY, USA), and was expressed with residual ash.
Fecal samples (0.5 kg on wet basis) were collected twice daily (0630 h and 1630 h) from day 16 until day 18 of each
experimental period. The six fecal samples of each cow were composited into a sample (1.5 kg on wet  basis) and stored
at −20 ◦C. Indigestible acid detergent ﬁber (iADF) was used as an internal marker to estimate fecal excretion and apparent
nutrient digestibility. Samples of feeds, orts and feces were dried at 55 ◦C in a forced-air oven for 72 h and ground to pass
through a 2 mm screen (Wiley mill, Arthur H. Thomas, Philadelphia, PA, USA). These samples were placed in bags of non-
woven textile (100 g/m2) following the recommendation of a maximum of 20 mg of dry sample per cm2 (Nocek, 1988) and
were incubated for a period of 264 h in the rumen of 2Holstein cows, previously adapted to a high concentrate diet, according
to the technique described by Casali et al. (2008). After 264 h, bags were removed and washed in running water, dried at
55 ◦C in a forced-air oven and subjected to acid detergent treatment (Mertens et al., 2002). Total fecal excretion was obtained
as follows: DM fecal excretion (kg/d) = iADF intake (corrected for orts)/iADF content in feces.
Cows were mechanically milked twice daily (0600 h and 1600 h) and milk yield was recorded by an automatic milk meter
(Alpro®, DeLaval–Tumba, Sweden). Milk samples were automatic collected (Alpro®, DeLaval – Tumba, Sweden) from day
16 until day 18 of each experimental period, according to milk yield of each cow in each milking. Samples were refrigerated
after the morning milking and mixed with samples of the afternoon milking and analyzed fresh for fat, crude protein and
lactose according to Kaylegian et al. (2006). Milk yield was corrected for 3.5% of fat according to Sklan et al. (1992).
Blood samples were collected on d 15 of each period from the coccygeal vessels before the morning feeding, centrifuged
at 3000 × g for 10 min  and plasma was separated and stored frozen at −20 ◦C until analysis, as described by Colak et al.
(2013). Analyses were performed using colorimetric commercial kits (Glucose: cat. no. K-082; Urea: cat. no. K-056; all from
the Bioclin, Belo Horizonte, Brazil), and reading was performed with a semi-automatic spectrophotometer (SBA 200, CELM,
São Caetano do Sul, Brazil).
On day 16 and 17 of each experimental period, spot urine samples were collected from each cow 4 h after the morning
feeding and then ﬁltered to obtain 10 mL  aliquots which were immediately diluted in 40 mL  of 0.036 N sulfuric acid, to avoid
bacterial destruction of the purine derivatives and precipitation of the uric acid, and then stored at −20 ◦C for subsequent
analysis of uric acid and allantoin according to Chen and Gomes (1992). A pure sample of urine was stored for determination
of total nitrogen (N) and creatinine. Concentrations of uric acid and creatinine were determined using commercial kits (uric
acid stable liquid: cat. no. k-052; kinetic creatinine: cat.no. K-067; Bioclin). The daily urine volume was estimated from the
daily creatinine excretion as 24.05 mg  kg−1 of body weight (Chizzotti et al., 2008). The excretion of uric acid, allantoin in
urine and milk were considered as the total excretion of purine derivatives. Microbial protein synthesis was estimated as
described by Chen and Gomes (1992).
Data of two squares composed of cannulated cows were used to evaluate ruminal fermentation, resulting in 8 repetitions
for each treatment per time. On day 20 of each experimental period, ruminal ﬂuid samples were collected from eight rumen-
cannulated cows (216 ± 54 DIM and 596 ± 27 kg of BW)  before (0 h) and 2, 4, 6, 8, 10 and 12 h after the morning feeding.
The ruminal ﬂuid pH values were determined using a potentiometer (MB-10, Marte Cientíﬁca, Santa Rita do Sapucaí, Brazil).
Aliquots of samples were mixed with metaphosphoric acid (0.25 mol/L HPO3), centrifuged at 7000 × g, and supernatant
stored at −20 ◦C for analysis of volatile fatty acids according to method described by Erwin et al. (1961) and adapted by
Getachew et al. (2002). The remaining aliquots of samples (2 mL)  were mixed with 1 mL  of sulfuric acid (0.5 mol/L H2SO4)
and stored at −20 ◦C to determine ammonia nitrogen (NH3-N) by a colorimetric phenol-hypochlorite method (Broderick
and Kang, 1980). Ruminal VFA were measured using a gas chromatograph (GC-2014 Shimadzu, Tokyo, Japan) equipped with
a capillary column (Stabilwax, Restek, Bellefonte, PA, USA) at 145 ◦C. The gases used were helium (8.01 mL/min ﬂow) as the
carrier, hydrogen (pressure of 60 kPa) as the fuel, and synthetic air (pressure of 40 kPa) as the oxidizer. Steamer temperature
was set at 220 ◦C, ionization detector ﬂames at 250 ◦C, and the separation column at 145 ◦C for 3 min, which was  then raised
10 ◦C/min up to 200 ◦C. External standard was prepared with acetic, propionic, isobutyric, butyric, isovaleric and valeric
acids (Chemservice, West Chester, PA, USA). The software GCsolution (Shimadzu, Japan) was  used for calculation of VFA
concentrations.
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Table  2
Effects of glycerin levels on intake, digestibility and performance of lactating dairy cows.
Item Glycerin inclusion, g/kg of DM SEMa P-value b
0 70 140 210 Diet LIN
Dry matter intake, kg/day 21.97 21.97 21.42 21.06 0.32 0.05 0.04
Digestibility
Dry  matter 0.696 0.703 0.717 0.724 0.003 <0.01 <0.01
Crude  protein 0.734 0.736 0.755 0.772 0.003 <0.01 <0.01
Ether  extract 0.729 0.761 0.841 0.869 0.008 <0.01 <0.01
Neutral detergent ﬁber 0.599 0.580 0.571 0.543 0.005 <0.01 <0.01
Performance
Milk  yield, kg/day 27.74 26.19 26.43 24.64 0.51 <0.01 <0.01
3.5%  FCM, kg/dayc 31.74 30.24 30.30 27.89 0.52 <0.01 <0.01
Fat,  kg/day 1.21 1.16 1.17 1.06 0.02 <0.01 <0.01
Protein, kg/day 0.87 0.82 0.83 0.78 0.02 <0.01 <0.01
Lactose, kg/day 1.31 1.21 1.24 1.16 0.02 <0.01 <0.01
FCM:  DMId 1.49 1.38 1.42 1.33 0.03 0.01 <0.01
Milk  composition
Fat, g/kg 44.07 44.70 44.31 43.60 0.60 0.77 0.59
Protein, g/kg 31.41 31.38 31.40 31.52 0.12 0.84 0.52
Lactose, g/kg 47.10 47.04 47.00 47.17 0.17 0.87 0.75
Milk  nitrogen, g/day 136.52 126.78 130.15 121.38 2.51 <0.01 <0.01
Nitrogen efﬁciencye 23.69 22.00 22.48 22.08 0.41 <0.01 <0.01
a Standard error of means.
b Treatment effect (Diet). Linear contrast (LIN). Quadratic contrasts were tested but were not signiﬁcant (P > 0.05).
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e Nitrogen (N) efﬁciency = 100 × milk N (g/day)/N intake (g/day).
.3. Statistical analyses
The data were analyzed with PROC MIXED (Statistical Analysis System for Windows 9.0 - SAS - SAS Institute Inc., Cary,
C, USA), according to the following statistical model:
Yiklm =  + T i+Pk + Sl + Am(Sl) + eijklm
here Yiklm is the observed value in the animal m,  from l square, in the kth period, which received the ith glycerin level;
 = overall mean; Ti = ﬁxed effect of glycerin level (3 DF); Pk = ﬁxed effect of experimental period (3 DF); Sl = ﬁxed effect
f square (5 DF); Am(Sl) = random effect of animal within square (18 DF), and eijklm = random residual error. The ruminal
ermentation variables (pH, NH3-N and VFA) were analyzed as repeated measures using PROC MIXED of SAS 9.0, considering
n the statistical model the effects of animal, period, square, treatment (glycerin level), beyond the effects of time with
heir interactions with the treatment. Compound symmetry was the best covariance structure based upon the smallest
kaike’s information criterion values. Other covariance structures tested included heterogeneous compound symmetry,
nstructured, autoregressive 1 and heterogeneous autoregressive 1. Results are reported as least squares means. Responses
o glycerin level were tested with linear and quadratic contrasts, which were declared signiﬁcant at P < 0.05.
. Results
Inclusion of crude glycerin in the diets linearly decreased the DMI  (P = 0.04; Table 2). Cows fed diets containing 210 g/kg
f crude glycerin reduced DMI  by 4.1% or 0.910 g/d compared to cows fed control diet. Total tract digestibility of DM,  CP, and
E linearly increased (P < 0.01), but neutral detergent ﬁber (NDF) digestibility linearly decreased (P < 0.01) according to the
nclusion of dietary crude glycerin. Neutral detergent ﬁber digestibility reduced 5.6% in cows fed diets containing 210 g/kg
f crude glycerin compared to control. Increasing the dietary inclusion of crude glycerin linearly decreased milk yield, fat-
orrected milk (FCM), milk efﬁciency (FCM: DMI), fat, protein and lactose (P < 0.01, Table 2). However, milk fat, protein and
actose proportion were similar among treatments (P > 0.05). Daily N milk excretion and N efﬁciency were linearly decreased
P < 0.01) with crude glycerin inclusion in the diet.
Total ruminal VFA concentration was similar among treatments (P > 0.05; Table 3). However, the inclusion of crude glyc-
rin in diets linearly decreased ruminal acetate, acetate to propionate ratio (P < 0.01), whereas propionate and branched chain
atty acids (BCFA) linearly increased (P < 0.01) with crude glycerin inclusion. Butyrate was  quadratically affected (P < 0.01) by
rude glycerin, with highest value observed with the dietary inclusion of 70 g/kg DM of crude glycerin. There was  diet*time
nteraction for ruminal pH, butyrate proportion and acetate to propionate ratio (P < 0.01). Ruminal NH3-N concentration
inearly decreased (P < 0.01) with crude glycerin in the diet. Microbial protein synthesis was not affected by crude glycerin
reatments (P > 0.05). Blood concentration of glucose linearly increased (P < 0.01; Table 3) from 78.84 (control) to 86.40 mg/dL
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Table  3
Effects of glycerin levels on ruminal parameters and blood metabolites in lactating dairy cows.
Item Glycerin inclusion, g/kg of DM SEMa P-valueb
0 70 140 210 Diet Time Diet*Time LIN QUAD
pH 6.31 6.38 6.38 6.32 0.03 0.65 <0.01 <0.01 0.89 0.22
NH3-N, mg/dL 23.74 21.52 18.05 17.54 0.49 <0.01 <0.01 0.19 <0.01 0.39
Total  VFA, mmol/L 119.11 111.40 108.16 113.87 2.26 0.41 <0.01 0.85 0.37 0.16
Acetate, mol/100 mol 62.41 52.51 51.13 47.16 0.58 <0.01 <0.01 0.44 <0.01 0.05
Propionate, mol/100 mol  20.61 22.47 24.02 29.12 0.32 <0.01 <0.01 0.06 <0.01 0.06
Butyrate, mol/100 mol 12.13 19.25 18.93 17.56 0.35 <0.01 <0.01 <0.01 <0.01 <0.01
BCFA,c mol/100 mol 4.85 5.77 5.92 6.16 0.07 <0.01 <0.01 0.07 <0.01 0.11
C2:C3d 3.05 2.39 2.21 1.73 0.05 <0.01 <0.01 <0.01 <0.01 0.20
Microbial CP,e g/day 2446 2415 2250 2323 67.18 0.43 – – 0.20 0.57
Blood  metabolites
Glucose, mg/dL 78.84 83.93 83.96 86.40 0.74 <0.01 – – <0.01 0.30
BUN,f mg/dL 36.95 32.50 32.26 33.36 0.76 0.01 – – 0.13 0.01
a Standard error of means.
b Treatment effect (Diet). Time effect. Diet and time interaction effect (Diet*Time). Linear contrast (LIN). Quadratic contrasts (QUAD).
c BCFA: branched chain fatty acids (included valerate, isovalerate and isobutyrate).
d Acetate to propionate ratio.
e Microbial crude protein.
f BUN: blood urea nitrogen.
(210 g/kg DM of crude glycerin); on the other hand, blood urea nitrogen concentration was  quadratically affected by crude
glycerin (P = 0.01), with lowest value observed when 140 g/kg DM of crude glycerin was  supplied.
4. Discussion
Currently, the growth of the biodiesel industry has resulted in greater availability of crude glycerin, a by-product and a
potential replacer to starch in diets of dairy cows. In the current study a linear decrease in DMI  was observed when cows
were fed up to 210 g/kg DM of crude glycerin. Ezequiel et al. (2015) reported a reduction of 15% in DMI  of dairy cows fed
crude glycerin up to 300 g/kg of diet DM compared to control. The negative effects of crude glycerin on animal metabolism
and performance might be attributed to three factors: the quality of crude glycerin due to impurities, including methanol
and salts (Thompson and He, 2006; Chung et al., 2007); the speed in which glycerol is fermented in rumen (Remond et al.,
1993; Wang et al., 2009; Shin et al., 2012); and the ability of rumen epithelium to absorb glycerol to be metabolized in liver
(Krehbiel, 2008). Ezequiel et al. (2015) demonstrated that diets with 300 g/kg DM of crude glycerin increased 500% of NaCl
dietary content and decreased feed intake of dairy cows. Furthermore, high salts and sodium dietary levels could result in an
electrolyte unbalance in animals and affect acceptability of the diet with crude glycerin (Chung et al., 2007; Dasari, 2007).
On the other hand, crude glycerin has high energy compounds, and can inﬂuence oxidation reactions and increase Krebs
cycle intermediates production in the liver, stimulating satiety and reducing DMI  (Benson et al., 2002; Trabue et al., 2007;
Allen et al., 2009).
Inclusion of high dietary levels of crude glycerin (210 g/kg) in dairy cow diets resulted in a large decrease of milk yield
(3.1 kg/day). Similarly, Boyd et al. (2013) found reduced milk yield when crude glycerin was added to the diet of dairy cows.
However, this result contrasted with other previous studies that reported no difference in milk yield with glycerin added
to the diets of mid-lactation dairy cows (Donkin et al., 2009; Kass et al., 2012; Shin et al., 2012) which used up to 150 g of
glycerin in diet DM.  In the current study, the decrease of milk yield could be related to DMI  and diet composition. Despite
the digestibility of nutrients increased with crude glycerin, dietary CP content and DMI  decreased, and consequently altered
metabolizable protein available to be absorbed in the duodenum. Once the milk composition was  not altered, the yield of
solids components in milk (fat, protein and lactose) would have the same response of milk yield.
Apparent total-tract digestibility of DM,  CP and EE increased when glycerin was  added to the diets. These results are in
agreement with a previous study in which glycerin comprised up to 150 g/kg of the diet, resulting in increased digestibility
of DM (Donkin et al., 2009). Despite the increase of DM digestibility when crude glycerin was added to diets, the FCM to DMI
ratio linearly decreased. The latter reduced because the decrease of milk yield was proportionally higher than the decrease
of DMI, mainly when cows were fed the highest level of crude glycerin (−4.0% vs. −11.1%, respectively). Furthermore, in
the current study, high crude glycerin levels had a negative effect on NDF digestibility. In vitro studies showed that glycerol
has an inhibitory effect on the activity and growth of cellulolytic bacteria (Roger et al., 1992; Abo El-Nor et al., 2010), which
may impair the NDF digestibility. Other in vivo studies also showed decrease of NDF digestibility with dietary inclusion of
glycerin up to 150 g/kg of DM (Donkin et al., 2009; Shin et al., 2012). Moreover, in this study the reduced NDF digestibility
might be associated with changes in propionate and acetate concentrations, suggesting that there were shifts in the ruminal
microorganism; however, this explanation should be evaluated in further studies.
Inclusion of crude glycerin in the current study altered the ruminal VFA proportions. These changes in VFA concentrations
are similar to those reported in previous studies. Decrease in acetate and increase in propionate, butyrate and BCFA ruminal
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uid concentrations were found when dairy cows were fed glycerin (Carvalho et al., 2011; Kass et al., 2012; Shin et al., 2012).
he increase of ruminal propionate concentration is related to the fact that 30–69% of glycerol consumed is fermented in
he rumen, and most glycerol is fermented into propionate (Remond et al., 1993), suggesting that ruminal degradation of
lycerin was faster than ground corn and soybean meal degradation. Propionate is more hypophagic compared to acetate
ecause of its ability to stimulate oxidation in the liver (Allen, 2000). Furthermore, glycerol is a precursor of glucose and
ay enter into the gluconeogenic pathway being converted to glucose in the liver, providing energy for the cow (Goof and
orst, 2003; Allen et al., 2009). Therefore, another explanation for the decreased DMI  reported in the current experiment is
elated to the hepatic oxidation theory, which states that hepatic fuel oxidation increases ATP concentrations in hepatocytes
hich send inhibitory signals via vagus nerve to nucleus tractus solitaries that inhibit hypothalamic satiety centers (Allen
t al., 2009).
The decreased NH3-N ruminal concentration in the present study may  be related to diet composition and DMI. The CP
ontent of diets decreased and DMI  linearly decreased according to the inclusion of crude glycerin; thus, less protein would be
vailable in the rumen environment to be degraded into NH3 when cows were fed diets with crude glycerin. Indeed, microbial
rotein synthesis was not impaired when crude glycerin was included up to 150 g/kg of the diet (Donkin et al., 2009; Shin
t al., 2012), showing no effects of crude glycerin on ruminal N supply. Plasma glucose concentration increased according to
ietary inclusion of crude glycerin and this result can be related with increase in ruminal propionate concentrations, which
s a glucogenic precursor. Blood glucose concentration was decreased (Carvalho et al., 2011), unchanged (Kass et al., 2012;
hin et al., 2012; Boyd et al., 2013), or increased (Donkin et al., 2009) when glycerin was added up to 150 g/kg in cow diets.
he differences among these studies could be related to the purity of glycerin, amount of glycerin added, and the time of
lood sampling relative to meal time.
. Conclusion
Inclusion of high levels of crude glycerin (210 g/kg) in the diets of mid-lactating cows increased dry matter digestibility
nd ruminal propionate, but negatively affected dry matter intake and milk yield. In addition, results suggest that crude
lycerin has the potential to partially replace starch in dietary levels below of 140 g/kg DM without largely reduce dairy cow
erformance.
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